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Introduction
Copper-containing proteins and enzymes have been identified in a variety of bacteria, plant and animal species, mediating such processes as oxygen activation, electron transfer, dioxygen transport and dismutation of superoxide ion. In metalloenzymes, copper exists in mononuclear, binuclear and in coupled multinuclear configurations that have evolved to facilitate redox processes. Many copper-containing enzymes serve for O 2 activation and subsequent substrate oxidation; within their catalytic cycles, the copper is known to oscillate between its two common oxidation states, Cu(I) and Cu(II). On the other hand, in model compounds for these enzymes there are several copper(III) complexes characterized so far; copper(IV) complexes are even less common as this is considered an extreme oxidation state [1, 2] . A diamagnetic mononuclear copper(III) sideon peroxo complex, well stabilized by a monoanionic bidentate ligand has been investigated in detail by experimental and DFT calculations [3, 4] [5, 6] and enzymatic reactions catalyzed by peptidylglycine α-hydroxylating monooxygenase, dopamine β-monooxygenase or particulate methane monooxygenase in the activation of C-H bonds, based on theoretical studies [7, 8] . However, such a species was not experimentally found and theoretical calculations suggest that it has a powerful radical character and it is rather an oxyl than an oxo species [9] .
The iron-and the copper-based oxygenases function on similar principles: the metal in the reduced formCu (I) or Fe(II) -binds the molecular oxygen forming an adduct (Cu(I)-O 2 which presents as electromer Cu (II)-superoxo, in the case of copper). This adduct may be reduced to Cu(II)-peroxide (or Fe(III)-peroxide in the case of iron) and then protonated to Cu (II)-hydroperoxo to facilitate cleavage of the oxygen-oxygen bond. The difference between the iron and copper is that in copper-Exploring the possibility of high-valent copper in models of copper proteins with a three-histidine copper-binding motif based centers the general rule is not to form further high valence states (Cu (III)) easily, but to directly use the metal-coordinated peroxide to achieve oxidation of an exogenous substrate. By contrast, with iron, cleavage of the O-O bond in the ferric-(hydro)peroxo state leads to isolatable Fe (IV) and Fe (V) high valent species. These exhibit strong oxidizing activity, either by simple outer-sphere electron transfer, oxygen atom transfer to a heteroatom or to a carbon-carbon multiple bond, or by hydrogen atom abstraction, usually as part of an oxygen atom insertion into a carbon-hydrogen bond [9] . An early proposal of copper(III) intermediate in galactose oxidase base on unusual two-electron redox activity and distinctive EPR spectrum [10] was later argued to be copper(II) [11] . Fig. 1 shows a putative catalytic cycle of a copper-based oxygenase, designed by analogy with those proposed for iron-based oxygenases such as Rieske dioxygenase [12] . The starting point is a tetra coordinated Cu (I) bounded to three neutral imidazole ligands and one H 2 O with the total charge +1; one may expect to obtain Cu(IV) after there breaking the OOH bond. However, experiments so far indicate that Cu(II)-hydroperoxo or Co(II)-peroxo complexes in biological environments tend to oxidize substrates directly, without separately producing a high-valent copper center [9, 11] .
Experimental procedure
Geometries for all models were optimized at the DFT level, using the B3LYP functional, in conjugation with 6-31G** basis set as implemented in the Spartan software package. After DFT geometry optimization charges and spin densities were derived from Mulliken population analyses and Natural Atomic Populations as implemented in Spartan [13] . Fig. 2 illustrates the models for which geometries were optimized in the present study. All contain a copper atom coordinated by three neutral imidazole ligands, to which a dioxygenic ligand or derivatives thereof are added in order to obtain models of the catalytic cycle intermediates illustrated in Fig. 1. Figs. 1a, which may all lead to product. The protein-derived ligands are considered to be three histidinines, as seen in some but not in all dioxygen-activating copper enzymes.
Results and discussions
OOH adduct. As can be seen, in all cases the hapticity of the di/tri-atomic ligands was explored.
Optimized geometries for models 1-7 are shown in Fig. 3 ; their energies are shown in Table 1 . Structure 1a, featuring a monodentate dioxygen ligand to Cu(I), was not found to be a minimum on the potential energy surface and therefore is not discussed any further. An energetical minimum corresponding to model 5, which would feature two identical Cu-O distances, could not be located; however, as will be discussed, in model 6a the two Cu-O distances are still similar to each other, suggesting that in reality copper binds hydroperoxide in a fashion somewhat hybrid between those illustrated by models 5 and 6a. With this in mind, of the two models only 6a will be further discussed in the present work.
For models 1b and 2b, formally describable as Cu(II)-peroxo or Cu(I)-superoxo, Table 1 shows that 2b is more stable by 7.5 kcal mol
, implying a preference for bidentate coordination -perhaps not surprisingly since this tendency was even more evident in the dioxygenCu(I) models 1a and 2a. The energy difference between models 6a and 7 is 21.16 kcal mol -1 in favor of 6a, in line with expectations according to which O-O bond cleavage (to form 7) would not be energetically feasible, as well as in agreement with previous calculations on related models while exploring O-O bond cleavage [9] . In Table 2 the calculated Natural Atomic Orbital Populations are shown for the copper d orbitals in the models employed in the present study. In model 1b all the orbitals have occupancies larger than 0.9. This implies a copper(I) center, which then must be bound to a superoxide (O 2 -) -hence a Cu(I)-superoxo electromer which appears to be favored over the Cu(II)-peroxo electromer. In model 2b the β d yz features an occupancy of 0.67 which in principle may be rounded to 1, implying Cu (I) bound to superoxide as in model 2a; nevertheless, the 0.33 units of charge missing from this orbital may be taken as evidence for a partial Cu (II) character.
In model 3a the Cu(I) character is confirmed by the occupancies, all higher than 0.9. Likewise, in 3b the Cu(II) character is evident in the 0.33 occupancy of the β d x2-y2 (formally an empty orbital). Model 4 is particularly instructive, because despite its unquestionable Cu (II)-hydroxide description it features a d x2-y2 β orbital occupancy of 0.48. This latter orbital is formally empty, but the population analysis reveals that even in this clear case of Cu (II), without the possibility of electromerism, a formally-empty orbital can accumulate as much as ~ 0.5 electrons via charge delocalization from the ligands. This puts into a different light model 2b, where the 0.67 occupancy of β d x2-y2 may be interpreted more cautiously, supporting a partial Cu (II) character.
For model 6a the 0.50 occupancy of the β d x2-y2 is very similar to what was seen for the Cu(II)-hydroxo case; given that hydroperoxide is also an anionic ligand, there seems to be ground to assign 6a as Cu(II)-hydroperoxo, as opposed to its alternative electromer, Cu(I)-superoxide. Model 6b has one extra electron compared to 6a, and it appears to be properly described as Cu (I) bound to hydroperoxide, as all the copper d orbitals are occupied to over 0.90.
In the model 7, the α and β d x2-y2 feature occupancies at 0.61 and 0.69, respectively. This, as also discussed for model 2a, needs not imply formal occupation of the orbitals. Instead, the two electrons delocalized into d x2-y2 may be viewed as evidence for a structure situated between two electromers -a d 8 one (Cu (III)) and a d 10 one (Cu (I)). Fig. 4 illustrates the LUMO orbitals for models 7 and 4. In 7, these LUMO have σ antibonding character with respect to the Cu=O and Cu-OH bonds.
While α LUMO appears to harbor significant metal character -and reasonably similar to what is seen in the β LUMO of the bona fide Cu (II) model 4, the β LUMO of 7 has distinctly smaller contribution at the metal and, importantly, most of the ligand contribution is centered at the "oxo" ligand. This suggests a Cu (II) description of 7, with an oxyl (O -.
) ligand. Implicitly, one more oxidizing equivalent (as required for the formal Cu (IV) oxidation state) must be localized on other ligands -most likely Figure 3. Optimized geometries of the studied models.
Relative energies in kcal/mol for the models employed in the present study; model 1 is chosen as arbitrary reference for those models with dioxygen-derived ligands, and 3a for those with single water or hydroxide ligands.
on the OH. Thus, based on the d orbital populations it appears that O-O bond cleavage in Cu (II)-hydroperoxo complexes would not affect the oxidation state at the metal, leaving the oxidizing equivalents localized on the peroxo-derived oxygen atoms, as free radicals; this conclusion is in good agreement with the concepts exposed by Solomon and co-workers [9] . We have previously detailed how, when discussing electromerism phenomena, one DFT-derived parameter that may prove reliable is the geometry -especially in complexes of metal centers with diatomic ligands capable of electromerism (OO, NO, and related) [14] . We therefore examine DFT-derived O-O bond lengths in our models, and compare them to bond lengths in free, non metal-bound, dioxygen, superoxide and peroxide moieties. The calculated bonds lengths for the copper models examined in the present study are shown in Table 3 , with geometries illustrated in Fig. 3 . Cu (I)-superoxo character could still be in the high occupancies of the copper orbitals.
In model 6a the O-O bond length is 1.46 Å, which implies that this is best described as containing peroxide, hence Cu (II)-hydroperoxo, in line with the observations made based on d-orbital occupancies, above. The peroxo character is even more obvious in 6b with an O-O bond length of 1.49 Å.
In Table 4 atomic charges and spin densities are shown. In model 1b, a negative charge on the OO ligand alongside a total of 0.97 spin units localized at the two oxygens are both indicative of superoxide characterin good agreement with geometrical data discussed above. For 2b -formally Cu (II)-peroxo, an expectedly higher charge on the oxygen is seen, alongside distinctly smaller spin density. Likewise, 6a shows low spin density at all oxygen and overall negative charge, as expected for a hydroperoxo ligand and in line with observations made based on geometry. In model 7 a ~1 spin density is seen on the "oxo" ligand, which was anticipated as discussed above, and supports an oxyl description for this ligand -as opposed to oxo in good agreement to other findings on formally Cu(III)-oxo models (as opposed to the formal Cu(IV)-oxo-hydroxo description of model 7) [9] . The ~0 charge on the OH ligand suggests again a neutral radical, as opposed to a hydroxide anion -a radical which would then pair its electron with Cu (II) to form a single σ Cu-OH bond. Thus, all electronic structure data appears to converge towards the concept that O-O bond cleavage in copper (II)-hydroperoxo complexes does not lead to oxidation of the metal, and that, instead, both oxidizing equivalents remain stored on the oxygen. Under such conditions, it is reasonable to see why according to experimental data stable complexes with cleaved O-O bonds are not typically needed as reaction intermediates in substrate oxygenation by copper-hydroperoxo complexes.
Beyond the thermodynamic aspects examined so far with regard to formation of putative high-valent complexes via copper-peroxo chemistry, the barrier(s) for formation of such complex would also be interesting to examine. Fig. 5 shows the potential energy surface upon elongation of the O-O bond in the cuprousdioxygen model 2a. It may be seen that, similarly to what was previously shown for related ferric-peroxo models [12], the energy of the system increases to very large , making the process feasible. However, the end-product (7) is ~ 20 kcal mol -1 less stable than the reactant, meaning not only endergonicity, but also that the reverse process is much more facile.
Conclusions
To conclude, O-O bond cleavage has been examined in a series of copper-peroxo and hydroperoxo complexes relevant for enzyme active sites. We find that cleavage of the O-O bond in a Cu (II)-hydroperoxo complex is feasible insofar as it leads to a well-defined local energy minimum with a relatively small energy barrier; however, the process is endergonic by ~ 20 kcal mol -1 , suggesting that it would be very difficult to isolate experimentally a complex similar to 7. The product of O-O bond cleavage (model 7) features an electronic structure where instead of a possible Cu (IV)-oxo-hydroxo state, a Cu (II) description is more appropriate, with the extra two oxidizing equivalents located on the two peroxide-derived ligands. Thus, unlike in related iron or manganese complexes, high-valent states appear not to be achievable via peroxo chemistry in copper complexes -even though O-O bond cleavage per se appears to entail reasonably low energy barriers; this may be interpreted to be due to a difference in redox potentials, which makes the peroxide-derived hydroxo and oxo ligands easier to oxidize than Cu (II). This latter finding is in good agreement with the conclusions drawn by Solomon and co-workers on related models [9] .
